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Introduction
In the pursuit of increased energy efficiency and an increasingly important requirement to reduce dependence on energy derived from fossil fuels, there is a growing corpus of research that seeks to both develop energy-saving technologies [1] [2] [3] [4] and reliably harness renewable new energies [5] . This is no clearer than in Internal combustion engines, where, as an example, major efforts have been made to reduce frictional losses as an effective method to increase fuel efficiency. The tribological interaction between the Cylinder liner-piston ring (CLPR) forms the basis of the single most important friction pair in internal combustion (IC) engines, accounting for more than 50% of the frictional loss in an IC engine [6] .
Laser surface texturing (LST) is a technology that has shown great potential for alleviating friction and wear of CLPR pairs [7] [8] [9] [10] [11] [12] [13] . Kligerman et al. [14] developed a partial LST on a piston ring set to improve tribological performance. They developed a theoretical model to optimize the texturing parameters, finding that the friction force was not affected by dimple diameter but decreased with an increasing texture area density. They found that frictional forces in textured CLPR were up to 30% lower than untextured piston rings. Guo Using lubricating additives is another important method to enhance the tribological performance of CLPR pairs. Among them molybdenum disulfide (MoS 2 ) nano-additives have been shown to provide excellent friction-reducing and antiwear properties. Sgroi et al.
[15] dispersed inorganic fullerenes structures MoS 2 (IF-MoS 2 ) nanoparticles in an SAE 5W30 engine oil and reported a 50% reduction in friction coefficient under simulated diesel engine conditions. Demas et al. [16] reported that MoS 2 nanoparticles (nominal size 50 nm) significantly reduced both friction and wear of CLPR pairs, compared with a base oil.
Raman spectra indicated that MoS 2 nanoparticles in the oil formed an aligned MoS 2 tribo-film resulting in a lower friction coefficient and reduced wear in the tribological samples.
It seems reasonable to assume, based on the above, that there may be some synergy when combining laser surface textures and lubricating additives, to further improve the tribological performance at the CLPR interaction, especially for the bio-oil lubricated conditions. However, little work has covered this area.
In this paper the results of an investigation in to the iterations between LST and a lubricant additive are reported. The tribological properties of three textures applied as a dimple, on the liner and on the ring are compared against a control. Due to the high cost of the nano-MoS 2 and the difficulties that are encountered when dispersing it in a base oil, commercially available MoS 2 microsheets were used as the lubricating additives. Esterified
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A C C E P T E D M A N U S C R I P T 5 bio-oil, a potentially effective renewable fuel, was used as the base oil for the lubricating additives [17] . Therefore, tests were also conducted to assess the magnitude of the effect of the lubrication additives working synergistically with the LST.
Experimental

Materials
Boron cast iron cylinder liners were supplied by Kaishan Cylinder Co. Ltd, China, and ductile iron piston rings were purchased from the Nanjing Feiyan Piston Ring Co., Ltd,
China. Samples were cut to the following dimensions: liner -122 x 15.6 x 6.3 mm and piston ring 8 x 2 x 4 mm, to fit the tribometer. The liners were supplied without surface treatment and with a surface roughness (Ra) of 0.30 μm. The piston rings were received with a surface roughness of 0.25 μm. A detailed elemental analysis of the composition of the cylinder liner and the piston ring materials are shown in Table 1 .
The MoS 2 micro sheets were bought from Shanghai chemical agents Ltd. Co., China.
The size distribution, Raman spectra and powder X-ray diffraction (XRD) pattern of the MoS 2 are shown in Fig. 1 
Laser surface texturing
The LST was carried out on an YLP-F10 fiber laser machine. A power of 5 W and a laser beam velocity of 300 mm/s was applied 10 times in the same area across the specimen.
Line, dimple and line + dimple textures (LDT) were selected and fabricated into the surface of the liner samples. To facilitate additives and lubricating oil retension, both of the diameters of the line and dimple were about 1 mm, and the depth-to-diameter ratio was kept at 0.008 and 0.005 for dimple and line, respectively. The surface texturing area ratio (i.e. area of the textures/total area) was varied between 6%, 12% and 24%. Any bulge flash caused by the LST process was polished away with 3000# and 1200# metallographic abrasive paper. The textured surfaces were then ultrasonically treated in an acetone solution before the sliding tests. An optical microscope was employed to confirm the debris was
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A C C E P T E D M A N U S C R I P T 7 completely removed and to ensure that the bluges of samples were polished and the surface was suitable for the tribological tests. Examples of the texturing are shown in Fig. 2 . The surface profile was measured using a Taylor Hobson surface profilometer. An enlarged image of a dimple and its profile are shown in Fig. 3 . The widths and depths of the line and dimples were both about 1 mm and 8 µm, respectively. The interval between two dimples or lines was 3 mm.
Tribological tests and characterization
The tribological experiments were performed on a bespoke multi-functional cylinder liner-piston ring tribometer. A photograph of the tribometer and the schematic diagram of the friction pairs are shown in Fig. 4 . The experimental conditions are listed in Table 3 . The Both the untextured and textured surfaces had a run-in stage followed by a steady-state wear region. In the steady state region, the dimpled textures had the lowest friction coefficient, which decreased by 22% compared to the untextured surfaces. For the LDT surfaces, the friction coefficient was between that of the line textured and dimple textured surfaces, but the wear rate for LDT was much higher than that of untextured surfaces. This can be explained by the distance between textures and the sharp corners of the square angle cause a stress concentration [23] inducing surface cracking, leading to higher rates of wear. The wear rate of the corresponding piston ring samples did not increase. Both the dimple textured cylinder liners and piston rings samples presented the lowest wear rates, being some 58% and 46% lower respectively, compared the untextured test pieces. Based on these results, the dimple texturing was selected for the lubrication additive studies.
Results and discussion
Influence of texture structures
The texturing area ratios of 12% and 24% are shown in Fig. 6 , the 6% area ratio is shown in Fig. 2 (c) and the tribological behaviours of the these samples lubricated with esterified bio-oil are shown in Fig. 7 . When the area ratio was increased from 6% to 12%, both of the friction coefficient and wear rate decreased. A further increase area ratio however, to 24%, increased the steady-state friction coefficient by 17%, when compared to a 12%
ratio. There was a very large increase in the wear rates, amounting to some 120% increase for the cylinder liner and 55% for piston ring samples. Although there are no obvious stress concentrations, the high texturing area ratio is likely to result in fatigue wear [24] because of the small interval between the textures. Moreover, the high texturing area ratio also resulted in higher contact pressures that might have increased the friction and wear of the tribological pairs. The surface with the texturing area ratio of 12% had the best antifriction and antiwear properties and was chosen for the lubrication additive studies. It is evident from Fig. 8(b) that, although only the cylinder liner was textured, both specimens benefited from lower wear rates compared to the untextured frictional pairs. Due to the similar chemical components ( Table 1 ) and the antifriction and antiwear performances of the cylinder liner and piston ring specimens, the worn surfaces of the cylinder liner specimens were selected for further surface analysis to further understand the resulting lubricating mechanisms. For the textured cylinder liners, irregular dimples and some cracks can be seen on the worn surfaces without MoS 2 lubrication (Fig. 9c) . The dimples will have distorted due to deformation during the frictional process [26]. This distortion was reduced after adding the MoS 2 microsheets, as there was little change in the geometry of the dimples and no clear cracks on the worn surfaces ( Fig. 9d ). These results agree well with those in Fig. 8 .
Influence of the MoS 2 microsheets
Worn surfaces analysis
The Raman spectra from the worn surfaces are shown in Fig. 10 . There are four wide peaks between 1250 and 1750 cm -1 under all conditions, indicating that an adsorbed film was formed on the rubbing surface [13] . For the untextured surfaces ( Fig. 10a ), the peak located at 790 cm -1 might be associated with iron oxides [27] . The intensity of this peak increased with the addition of MoS 2 microsheets, suggesting an increase of the oxide film on surface. Moreover, some peaks at 198, 282, 481, 564 and 944 cm -1 occurred on the worn untextured surfaces (Fig. 10b ), which might be attributed to molybdenum oxide or sulfate [28] . If this is the case then the MoS 2 will have reacted with the components in the base oil and formed a tribo-film during the sliding process. In addition to the oxide or sulfate peaks, there are two typical MoS 2 peaks at 376 and 403 cm -1 , both detected on the textured surfaces with MoS 2 microsheets (Fig. 10d ). The traces of MoS 2 detected on the rubbed surfaces suggest that the lubricating film formed might be more complex than that of untextured surfaces.
Raman spectra of the wide peaks, which are indicative of the adsorbed film, between 1250 to 1750 cm -1 in Fig. 10 were analyzed in Fig. 11 . These peaks are likely to be the result of the carbonisation of the lubricating oil due to the local high temperature during the sliding [29] . Multi-Peaks Gaussian Fitting was used to deconvolve Raman spectra. The curves can be divided into two main peaks: D and G. The I D /I G ratio reflects the degree of graphitization, and the low I D /I G ratio suggests a high level graphitisation [30] , which would help to reduce friction and wear. Comparing with the untextured surfaces ( Fig. 11a, b ), the textured ones ( Fig. 11c, d ) have a lower I D /I G ratio. This implies that the textured surfaces were covered antifriction and antiwear properties [34] . A more effective tribo-film was formed on the textured surfaces.
The C1 XPS spectra shown in Fig. 13 give more information of the adsorbed organic components. For all of the experimental conditions, each main peak can be divided by three small peaks at ~284.67, ~286.11 and ~287.69 eV, ascribed to C-C/H, C-OH and C-COOR, respectively [35] . All of these are likely to have been derived from the hydrocarbons within the esterified bio-oil, i.e. carbon chains, alcohols and esters. With the same measurement conditions, the relative peak area can reflect the relative thickness of the adsorbed film. Thus, the textured surfaces had thicker adsorbed films than the untextured surfaces. This is to be expected as the textured dimples served as an oil reservoir under boundary lubrication conditions [36] . For the untextured surfaces, the introduction of MoS 2 seems to have had no significant effects on the amount of adsorbed organics on the surfaces, but clearly increased the concentration of alcohol organics, which may have been helpful to reduce friction and wear due to the excellent adsorbed abilities of the hydroxyl groups [37] . For the textured surfaces, the introduction of MoS 2 resulted in a little higher concentration of alcohols and esters in the tribo-film, which also contributed to improving the tribological performances of the tribosystem.
As shown in Fig. 14 (a, b) , the typical characteristic peaks of Mo3d and S2p were found on both the textured and untextured surfaces lubricated by base oil with MoS 2 microsheets. There were no obvious peaks at the same binding energy detected on the surfaces of samples lubricated with base oil but without MoS 2 . This implies that the MoS 2
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14 microsheets in the base oil are transferred to the surfaces during the sliding. To investigate the detailed composition of the tribo-film, the Mo3d and S2p peaks were divided and are shown in Fig. 14(c-f) . For the untextured surfaces, the peak at 225.78 eV in Fig. 14 (c For the textured surfaces, the concentrations of Mo and S are much higher than those on the untextured surfaces since they have bigger relative peak areas under the same measured conditions, suggesting that the tribo-film on the textured surface was much thicker than that on the untextured surface. There are also two new peaks at 167.73 and 168.26 eV shown in Fig. 14(f) , which can be ascribed to S2p3/2 and S2p1/2 of -S(IV)-O-in FeSO 4 .
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15 This is consistent with the Fe2p results shown in Fig. 12 . This provides further proof of the complexity of the tribo-film, relative to the untextured surfaces.
Based on the above, a schematic diagram of the lubricating mechanisms under different conditions is given in Fig. 15 . For the untextured surface lubricated with base oil (Fig. 15a) , an adsorbed film dominated the lubricating process, and it was composed of carbon and organics including hydrocarbons with carbon chains, alcohols and esters from the base oil.
There was also a thin oxide tribo-film composed predominately of FeO and Fe 2 O 3 on the substrate,. Due to the unstable properties of the oxide tribo-film, the rubbed surfaces presented a relative heavy wear (Fig. 9a ). With the introduction of MoS 2 microsheets, a more stable oxide film was present, strengthened by a higher concentration of Fe 2 O 3 and a thicker adsorbed film (Fig. 15b ), leading to decreased friction and wear of the tribo-pairs.
For the textured surfaces lubricated with base oil (Fig. 15c ), the dimples acted as an oil reservoir, leading to a thicker adsorbed film, and better lubricating performance.
When MoS 2 was added to the base oil ( Fig. 15d) , a stable and robust composite tribo-film including MoS 2 , MoO 3 , FeOOH, FeO, Fe 2 O 3 , FeS, FeSO 4 etc. was formed in addition to the adsorbed film described above, result in the lowest friction and wear.  Among the investigated textures, the dimple geometry showed the best antifriction and antiwear properties. Friction levels decreased by 22% and wear rates by 58% and 46% for the cylinder liners and piston rings respectively, compared to those of untextured surfaces.
Conclusions
 Increasing the texture area ratio of the cylinder liners with dimples from 6% to 24% lead to mixed results, with the optimal friction and wear behavior at 12% textured area ratio under the tested conditions. Electronics Inc, Eden Prairie, 1995.
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